Introduction
One of the most fundamental measures of explosive volcanic eruptions is mass discharge rate. Quantification of the rate and orientation at which mass is ejected improves the scientific understanding of the eruptive process and provides realistic hazard assessment. In this paper, we combine a fluid mechanical model with seismological data to formulate a method for measuring mass emission rate.
The most common previously established method of assessing the volcanic mass emission rate is measurement of the column height. Wilson et al. [1978] show that the height of a plinian column is a function of the energy available for buoyant ascent. Since the energy source is hot mass ejected from the vent, height can be inverted for mass emission rate. This method has proven effective for computing average discharges of plumes [Sparks et al., 1997] but is not applicable for certain eruptive processes including directed blasts, strombolian explosions, and pyroclastic flow generation. In all of these cases the erupted mass of interest does not directly contribute to the buoyant plume and therefore must be measured by other means. Another shortcoming of the column height method is that time resolution Copyright 1999 by the American Geophysical Union.
Paper number 1999JB900308. 0148-0227/99/1999JB9003 08509.00 is limited since column height is usually reported as an average value over several hours. Our method provides both the time history of mass emission rate and the orientation of the jetting using continuously measured seismic data. Such resolution allows us to quantify the sequence of events initiating an eruption.
We illustrate the new method by studying the cataclysmic eruption of Mount St. Helens. On the morning of May 18, 1980, a giant landslide exposed the cryptodome beneath the north flank of MoUnt St. Helens. The hot, pressurized magma exploded and over the next few minutes 3-4x10 • kg of material surged northward over an area of approximately 600 km 2. Although asymmetric explosive eruptions had been previously identified and termed "directed blasts" [LaCroix, 1930; Gorshkov, 1963] , the devastation at Mount St. Helens brought the eruptive style to the attention of the volcanological community.
Many studies using a variety of data sets have addressed the Mount St. Helens blast, but none were able to include direct measurement of the mass emission rates. For the following practical and scientific reasons such a measurement would be useful:
1. Measurements of erupted mass quantify the hazard. Both the rate of eruption and the total mass of the products are useful measures of the size of an eruption as noted by Walker [1980] . Total erupted mass is a major criterion for the Volcanic Explosivity Index (VEI) [Newhall and Self, 1982] and such metrics consti- 29, 387 tute an important tool for ibrmulating effective hazard management policies. 2. Various eruptive styles can be distinguished by their mass discharge rates. At Mount St. Helens the blast was unexpectedly and disproportionately devastating. This phenomenon was presumably due to the important role of momentum, or in the terminology of Walker [1980] , the "violence" of this particular eruptive style.
Measuring and documenting the mass emission rate of eruptions can clarify such features of eruptive styles. 3. Measurement of the erupted mass relates eruptive events to their products. The total mass in a unit can be estimated by mapping the deposits. Providing a history of the mass ejection over the course of the eruption could potentially associate the deposits with the processes that produced them. Seismic data can constrain the geometry of the source in addition to its time history. Nishimura, 1995] . In this paper, we model the observed seismic pulses as thrusts due to the momentum flux of the erupted products. The momentum discharge rate is then converted to a mass discharge rate based on an independent estimate of the velocity. The resultant mass discharge rate is integrated over time to calculate the total mass corresponding to the observed seismic forces. We then reinterpret the eruption in light of this new data set. Our calculations allow us to evaluate the directionality of the blast.
Mass ejection
The model used to connect the seismic observations with dynamical quantities is deliberately simplified to provide an analytical method of evaluating the data. As such, it inevitably omits features of a complex volcanic flow such as multiphase flow effects and fragmentation dynamics. Wherever possible, we justify the omissions through quantitative assessment. Such assessments are necessarily approximate and result in generous error estimates. Numerical treatment of the full solid and fluid dynamical systems could refine the results presented here and would be a logical extension of this work. . This indicates that some time elapsed between the mushroom cloud and any pumiceous Plinian air fall. There was no Plinian column from the vent associated with the blast phase of the eruption [Criswell, 1987] . This important observation is reinforced by satellite images that show the blast column from the vent only reached a height of km above the mountain rather than expanding buoyantly into the upper atmosphere [Sparks et al., 1986] .
Therefore the dynamics of the blast initiation can best be understood by studying the compressible, momentum driven flow in the gas-thrust region [Sparks et al., 1997] rather than by pursuing thermally driven plume theory.
These eruptive events were also observable seismically. Explosions and flows coupled to the ground to generate seismic waves. The various phases on the seismograms suggest distinct processes that can be modeled by systems of equivalent forces. Each process is distinguished by the frequency content and the geome- Estimates of the erupted mass from both the geological and seismological observations are used in this paper to link the two types of data. The mass discharged at each stage of the eruption can be estimated by calculating the total mass of the corresponding geological deposits while assuming that the mass of the associated volatiles is negligible. Although gas was volumetrically and dynamically important, it is unlikely that its mass exceeded a few weight percent when the mixture was originally erupted from the vent [Eichel- Transient forces from the eruption that are coupled to the solid earth generate seismic waves. It is by observing these waves that we are able to determine the source parameters of the eruption so the "seismically observed force" F will be defined as -
In this paper, we are interested in analyzing the observed vertical short-period seismic forces since the hor- 
A full discussion of the validity of the quasi-static approximation for eruptive events is postponed until section 6. Equation (3) is often referred to as the rocket equation [Thompson, 1972] 
Flow Model
We model the flow as an ideal gas expanding isentropically with a specified mass fraction qb of suspended particles. We follow Kieffer [1981] 
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where F is defined to be the ratio of the specific heats for the mixture and is analogous to the adiabatic constant for an ideal gas. The specific heat of the mixture is the weighted average of the specific heats of the gas at constant pressure cp and volume cv and the specific heat of the solid c8.
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Until now we have treated only the mass discharge rate of the bulk fluid. When we compare our results with the geological deposits, we will want to limit ourselves to the mass discharge rate of the solid phase. According to the definition of mass fraction •b, the solid mass discharge rate is simply •b/•. As already noted, the mass fraction is nearly unity for the blast, and approximating the solid mass discharge rate as the total mass discharge rate is reasonable.
Equation (15) The sound velocity c is estimated by rewriting (10) in terms of temperature [Marble, 1970; Rudinger, 1980] r(1 -
where R is the ideal gas constant for the volatile. We assume the gas phase was primarily H20 with R = 461.5 J/kg/K. As can be seen from (18) The most sustained and intense infrared radiation was also observed during 1534. Figure 5b but acknowledge that the relationship between this mass and the deposits is uncertain. The total mass of the eruption on May 18 was 7-9x1011 kg (see Table 1 .) The calculations of this 
?. Interpretation
The term "lateral blast," which is usually used to refer to the initial explosive event of the Mount St. Helens eruption, implies a predominantly horizontal flow.
We can use the mass calculation above to evaluate this implicit assumption of the blast's direction. Figure 5 indicates that at least 30%, or at least 65% if the second set of events is included, of the mass of the blast deposit was involved in the vertical thrust events. We acknowledge that there may be substantial errors in both the geological deposit measurements and the seismic model, but even if we allow for this uncertainty, a substantial fraction of the blast deposit mass was jetted vertically from the vent. We reemphasize that this result is independent of the assumed crater geometry. As discussed in section 2, the seismic data constrains the measured component of the force, and hence the measured mass, to be subvertical. If each of the vertical pulses represents a thrust, the rnass balance considerations make it unreasonable to assume that all of the blast deposit is composed of material that was initially ejected horizontally. Much, if not most, of the blast was initially ejected "vertically," that is, at an angle much greater than 60 ø from the horizontal. The destructive "lateral" blast was either composed of only a fraction of the mass in the deposit or the vertical blasts were redirected by the geometry of the crater and the force of gravity. Either possibility has implications for the quantitative understanding of directed blasts and their deposits.
Conclusions
This case study of Mount St. Helens has shown that the thrust inversion technique is an effective tool for measuring mass discharge rate. The mass ejection history can be computed from the seismic data using only two parameters: Mach number and sound velocity. We now return to the original motivations for measuring 
where Fmax is the peak value of the seismic force in
Newtons. We have linked the blast process to its products, but the relationship has proved problematic. Is all of the blast deposit material from the laterally expanding, devasting blast or is a significant fraction of deposition from the accompanying ash cloud? Alternatively, we can interpret the results as addressing the final motivation--constraints on dynamical models. In this case, the important problem raised by this study concerns the mechanism by which the blast was directed. Why was it lateral? These questions pose challenges for future research and direct our understanding of the mass ejection process. Furthermore, the formulation presented here is generally applicable to any rapid, explosive volcanic eruption with significant jetting and can be used to study dome collapses and strombolian events as well as directed blasts.
